A pyrosequencing protocol was developed as a rapid and reliable method to identify the mutations of the dhfr and dhps genes of Plasmodium falciparum that are associated with antifolate resistance. The accuracy and specificity of this method were tested using six laboratory-cultured P. falciparum isolates harboring known single nucleotide polymorphisms (SNPs) in the genes dhfr (codons 50, 51, 59, 108, and 164) and dhps (codons 436, 437, 540, 581, and 613). The lowest threshold for detection of all the SNPs tested by pyrosequencing was the equivalent of two to four parasite genomes. Also, this method was highly specific for P. falciparum, as it did not amplify any DNA products from the other species of human malaria parasites. We also mixed wild-type and mutant-type parasite DNAs in various proportions to determine how pyrosequencing, restriction fragment length polymorphism (RFLP), and direct conventional sequencing (for dhfr) compared with each other in detecting different SNPs in the mixture. In general, pyrosequencing and RFLP showed comparable sensitivities in detecting most of the SNPs in dhfr except for the 164L mutation, which required at least twice the amount of DNA for pyroseqencing as for RFLP. For detecting SNPs in dhps, pyrosequencing was slightly more sensitive than RFLP and direct sequencing. Overall, pyrosequencing was faster and less expensive than either RFLP or direct sequencing. Thus, pyrosequencing is a practical alternative method that can be used in a highthroughput format for molecular surveillance of antimalarial-drug resistance.
Drug-resistant Plasmodium falciparum is a serious public health threat in countries where malaria is endemic. In the event that the genetic basis for the drug resistance is known, genetic markers are potentially useful surrogates for monitoring the emergence and dispersion of drug resistance, especially in population-based studies (5, 22) . The prevalences of single nucleotide polymorphisms (SNPs) in the P. falciparum genes for dihydropteroate synthetase (dhps) and dihydrofolate reductase (dhfr) have been associated with resistance to sulfadoxine and pyrimethamine, respectively (3, 6, 7, 10, 11, 14, 15, 21, 23, 28) . Conventional molecular methods used to evaluate sulfadoxine and pyrimethamine drug resistance focus on identifying individual mutations in the genes dhfr (codons 50, 51, 59, 108, and 164) and dhps (codons 436, 437 540, 581, and 613) (13, 17, 24, 25) . These techniques include conventional DNA sequencing, allele-specific PCR, PCR-restriction fragment length polymorphism (RFLP) analysis, dot blot/probe hybridization techniques, real-time PCR, the SNaPshot primer extension method, and sequence-specific oligonucleotide probeenzyme-linked immunosorbent assay (1, 4, 12, 13, 30) . Each of these techniques offers its own advantages and limitations. Among the techniques, RFLP is one of the most commonly used, but it is laborious and expensive (18, 26, 29) . Therefore, a cost-effective and high-throughput genotyping method would be ideal for large-scale population-based studies.
In this study, we investigated pyrosequencing as a highthroughput method for genotyping SNPs associated with antifolate resistance in dhfr and dhps. Pyrosequencing allows direct sequencing by the synthesis of short fragments of DNA by a novel enzymatic-cascade system (2) . The enzymatic reactions are catalyzed by ATP sulfurylase and luciferase. The inorganic pyrophosphates that are released after deoxynucleotide incorporation are monitored, and free nucleotides are degraded by apyrase, thus allowing iterative nucleotide addition. Scores are determined by computer-automated comparisons of predicted SNP patterns with raw data. Sequences generally do not require manual interpretation, which provides consistency in scoring and the interpretation of results (2, 8, 20) .
We have developed a pyrosequencing protocol to detect the mutations in the dhfr and dhps genes of P. falciparum in our laboratory. In the present study, we evaluated the method's sensitivity and specificity in detecting mutations from mixtures of known concentrations of DNAs from laboratory-cultured parasite isolates with different genotypes. We focused the analysis on point mutations in dhfr codons 51, 59, 108, and 164 and dhps codons 436, 437, 540, 581, and 613. We also validated our results by comparing them with conventional sequencing and PCR-RFLP methods. These data show that pyrosequencing is a sensitive and reliable method to detect mutations associated with drug resistance.
MATERIALS AND METHODS
Parasite culture and extraction of DNA. Six laboratory-cultured P. falciparum strains (3D7, FCR3, HB3, V1/S, K1, and W2) that have been shown to harbor different mutations in dhfr and dhps were used to test the specificity and detection limit of the pyrosequencing technique used in this study. These parasites were cultured in vitro using standard protocols (27) . The parasite cultures were synchronized by 5% sorbitol treatment, and the cultures were harvested during the ring stage. Parasitemias for each strain were calculated after the microscopic examination of Giemsa-stained thin blood films. Known quantities of parasites were stored in a liquid nitrogen tank (diluted to between 59,343 and 89,760 parasites/l). Extraction of DNA from the parasites was performed with a QIAamp DNA Mini Kit (QIAGEN, Valencia, CA). DNA was isolated from a total of 8 ϫ 10 6 parasites for each strain and suspended in 200 l of water; therefore, 1 l of sample contained the DNA equivalent of 40,000 parasites. The DNA was aliquoted and stored at Ϫ20°C. Since none of the cultured parasite lines had a mutation at codon 540 of dhps, DNA from a field isolate from Peru (donated by C. Plowe) was used as a control to test the mutation at this codon.
Sensitivity and specificity analysis. From the stock DNAs (40,000 parasites/ l), we made serial 10-fold dilutions up to a final concentration equivalent of 2 parasite genomes per microliter. These diluted DNAs were used to test the least amount of DNA required for the pyrosequencing assay. DNAs from Plasmodium vivax SV4, Plasmodium malariae Uganda I, and Plasmodium ovale Nigeria I were also extracted for testing the species specificities of PCR primers.
PCR for pyrosequencing. The PCR and sequencing primers for the dhfr and dhps genes were synthesized at the CDC Biotechnology Core Facility. The primer sequences are shown in Table 1 . The primary and nested PCRs were generated in 50-l reaction volumes, which contained 1 l DNA, 0. Pyrosequencing reactions. Single-stranded biotinylated PCR products were prepared for sequencing using the Pyrosequencing Vacuum Prep Tool (Biotage AB, Uppsala, Sweden). Three microliters of Streptavidin Sepharose HP beads (Amersham Biosciences, Uppsala, Sweden) was added to 40 l binding buffer (10 mM Tris-HCl, pH 7.6, 2 M NaCl, 1 mM EDTA, 0.1% Tween 20) and mixed with 20 l PCR product and 20 l water for 10 min at room temperature using an Orbit Digital Shaker (Labnet International, Woodbridge, NJ). The beads containing the immobilized templates were captured on the filter probes after the vacuum was applied and then washed with 70% ethanol for 5 s, denaturation solution (0.2 M NaOH) for 10 s, and washing buffer (10 mM Tris-acetate, pH 7.6) for 5 s. The vacuum was then released, and the beads were released into a PSQ 96 Plate Low (Biotage AB) containing 45 l annealing buffer (20 mM Trisacetate, 2 mM MgAc 2 , pH 7.6) and 0.5 M sequencing primer.
Pyrosequencing reactions were performed according to the manufacturer's instructions using the PSQ 96 SNP Reagent Kit (Biotage AB), which contained the enzyme, substrate, and nucleotides. The assays were performed on the PSQ 96MA (Biotage AB) using the nucleotide dispensation orders shown in Table 2 . The sample genotype was determined using the SNP Software (Biotage AB).
Testing of artificially mixed parasite strains. In order to determine how well the pyrosequencing assay would perform for identifying parasite samples from mixed infections, we mixed DNAs from selected parasites in different ratios and used these mixtures for PCR amplifications. 3D7 (wild type) and V1/S (mutant) were mixed for detecting dhfr gene mutations. HB3 (wild type) was mixed with K1 (mutations at codons 437 and 581) or W2 (mutations at codons 436, 437, and 613) to determine the dhps gene mutations. Since we did not have any laboratory strain with the Glu-540 mutation, we did not test the codon 540 mutation in the mixture experiments. Two different dilutions of DNA (40 parasites/l and 400 parasites/l) were used for each strain in the DNA mixture experiments. The ratios of mixed parasite lines, 3D7 and V1/S and HB3 and K1 or W2, were as follows: 1:20, 1:10, 1:6.6, 1:5, 1:3.3, 1:2.5, 1:1 (5%, 10%, 15%, 20%, 30%, 40%, and 50%), and also mixed in reverse order. The mixed parasite DNAs were PCR amplified, and the same primary PCR-amplified fragments were used in the nested secondary amplification for pyrosequencing, RFLP, and direct sequencing. PCR-RFLP. PCR-RFLP was performed using previously published methods (9, 14) with minor modifications. Amplified DNA from the nested PCR was subjected to restriction enzyme digestion. Briefly, 10 l of PCR product was incubated with mutation-specific restriction enzymes according to the manufacturer's instructions (New England Biolabs, Beverly, MA, or Promega, Madison, WI). The restriction enzymes EcoRI, BsrGI, BsrI, and PsiI were used to detect the mutations of dhfr codons 51, 59, 108, and 164, respectively. The enzymes HindIII for codon 436, AvaII for codon 437, MwoI for codon 581, and XmnI for codon 613 were used for the digestion of dhps gene amplicons. The digested products were visualized by electrophoresis on 2% UltraPure Agarose-1000 (Invitrogen, Carlsbad, CA).
DNA sequencing. To confirm the pyrosequencing results of each single strain and to compare the results with pyrosequencing and RFLP from the mixed infections, all primary PCR products of dhfr were sequenced with an ABI 3100 genetic analyzer (Applied Biosystems, Foster City, CA).
Cost estimates. We calculated the approximate cost for genotyping mutations in dhfr (codons 50, 51, 59, 108,and 164) and dhps (codons 436, 437, 540, 581, and 613) by pyrosequencing, RFLP, and direct-sequencing methods. In estimating the cost, we included the actual cost of the agents that we used, except for the cost of primers, since they were available to us from our core facility. The equipment and labor costs were not included. For pyrosequencing, we included the cost involved with DNA isolation: PCRs, substrate, enzymes (polymerase, sulfurylase, luciferase, and apyrase), and reaction plates. In estimating the cost of conventional sequencing, we included expenses associated with DNA isolation, PCRs, cleanup columns, sequencing dye terminator reactions, buffer, polymer, plates, lids, and Hidi formamide (Applied Biosystems). RFLP cost estimates were based on expenses associated with DNA isolation, PCRs, agarose, DNA molecular weight standards, and restriction enzymes. These estimates were for a single experiment and did not include any repetitions when an experiment failed.
RESULTS

Sensitivity of pyrosequencing.
The sensitivity of pyrosequencing was determined by subjecting various concentrations of parasite DNAs (a DNA equivalent ranging from 40,000 parasites to 2 parasites) from six different laboratory isolates of P. falciparum for PCR amplifications. The results indicated that the pyrosequencing method was sensitive enough to detect two parasite genome equivalents of DNA for most of the dhfr mutations (except strain V1/S) and two to four parasite genome equivalents of DNA for dhps mutations in a 50-l PCR mixture (Table 3) . DNAs from at least four parasite genomes were required for detecting dhfr mutations from the V1/S strain. DNAs from two to four parasites were needed for detecting SNPs of dhps from W2, V1/S, FCR3, HB3, and K1. A minimum of four parasite equivalents of DNA was needed for genotyping the 3D7 strain (Table 3) . Genotyping as determined by this method was accurate with respect to the identification of individual allelic forms of all six parasite isolates tested.
Specificity of pyrosequencing. The specificity of pyrosequencing was tested using DNAs from all species of four human plasmodium parasites, including six P. falciparum strains selected for this study. The pyrosequencing assays clearly identified all genotypes of P. falciparum DNA samples and were concordant with the known genotypes of the cultured parasite strains (Table 3) . The results were highly specific for individual alleles. No erroneous typing of SNPs was found for any clone. In addition, no nonspecific amplification was found with P. vivax SV4, P. malariae Uganda I, and P. ovale Nigeria I (Table 3) .
Detection of mixed parasite strains. Since field isolates of parasites may contain both drug-sensitive and drug-resistant parasites, we wanted to investigate how the pyrosequencing 
a Parasite genome equivalents of DNA. b Positive (ϩ) or negative (Ϫ) PCR results are indicated. ϩ/Ϫ, the results were variable in repeat experiments; NA, not tested. The DNA sequences of all of the laboratory strains were reconfirmed by direct sequencing. The results were consistent between the different codons within the same gene. We tested each strain at DNA concentrations equivalent to 40,000, 4,000, 400, 40, 4, and 2 parasites. Genotyping results for dhfr and dhps were positive for all P. falciparum strains from 40,000 to 40 parasites and negative for P. vivax SV4, P. malariae Uganda I, and P. ovale Nigeria I at all six concentrations (data not shown). (Tables 4, 5 , 6, and 7). The genotype reading was automatic based on the pyrogram (Fig. 1A and B) . In mixtures containing a high proportion of wild-type DNA compared to mutant DNA, as much as 10 to 15% mutant DNA was needed to detect the dhfr 51, 59, and 108 mutations using both 40 parasites/l and 400 parasites/l of DNA stocks (Tables 4 and 5). A similar sensitivity was observed when the mutant DNA was in higher proportion than the wild type. Interestingly, to detect the 164L mutation, at least 30% mutant DNA was needed for pyrosequencing, while only 15% was needed for RFLP when the wild-type DNA was at a higher ratio to mutant DNA in the mixture. In contrast, when mutant DNA was at a higher ratio, 10% wild-type DNA was sufficient for detection of the wild-type codon, indicating that the sensitivity of this assay to detect the 164L mutation is influenced by the relative proportions of wild-type DNA and mutant DNA in the mixture. For direct-sequencing analysis, most of the mutations could be detected at 15% (except 164L, which required 30%) with a low concentration of DNA (40 parasites/l) and at 20 to 30% with higher concentrations of DNA (400 parasites/ l). In general, a minimum of 30% wild-type DNA was required for detecting wild-type codons by direct sequencing of mixed samples in both low and high DNA concentrations tested (Tables 4 and 5 ).
In detecting the dhps mutations, pyrosequencing required as little as 10% mutant DNA to detect the 437 and 581 mutations consistently using mixtures of HB3 wild-type and K1 mutant DNAs (Table 6) , and as little as 5% mutant DNA was sufficient to detect mutations in codons 436 and 613 in an HB3 and W2 mutant mixture (Table 7) . Ten to 15% wild-type DNA was needed to detect a wild-type codon in the mixtures. Compared to pyrosequencing, RFLP required slightly larger amounts of mutant DNA, ranging from 15 to 20%, to detect most codons (except codon 581, which required only 5%). In detecting wildtype codons in the mixed DNA, RFLP and pyrosequencing showed only small differences in the minimum amounts of DNA required for detection (5 to 15% for RFLP and 10 to 15% for pyrosequencing).
Cost analysis. The cost of reagents and supplies for each method was also calculated in our study, as explained in Materials and Methods. This was an approximate estimation and would vary depending upon the commercial source of reagents used. The cost estimate for pyrosequencing of these two genes was $11.40 per sample ($2.28 per SNP); it was $18.30 per sample ($3.66 per SNP) for conventional sequencing and $32.90 per sample ($6.58 per SNP) for RFLP. In addition, restriction digestion with BsrGI for codon 59 and AvaII for codon 437 often required repetition due to incomplete digestion, thereby increasing the cost of the RFLP method (this additional cost is not considered in the above estimate).
DISCUSSION
In this report, we describe the development of a pyrosequencing method for the detection of SNPs associated with antifolate resistance in the dhfr and dhps genes of P. falciparum. Pyrosequencing was sensitive enough to detect two to four parasite genome equivalents of DNA from six different laboratory isolates of P. falciparum and was highly specific in differentiating P. falciparum from other human malaria parasites. Therefore, it can be reliably used in areas where P. falciparum coexists with other species of human malaria parasites. Overall, pyrosequencing was a highly reliable method for genotyping, and it was also faster and less expensive than the commonly used RFLP method and direct sequencing.
Irrespective of the original stock concentrations of DNA template used for PCR amplification, the pyrosequencing and RFLP methods showed similar levels of sensitivity in detecting the mutant forms of dhfr SNPs, with the exception of codon 164 in mixed samples. Pyrosequencing required the presence of at least 30% mutant DNA in mixed samples to detect the 164L mutation, while RFLP was sensitive enough to detect this mutation in as little as 15% of a mixture. The reason for the low sensitivity of pyrosequencing to detect mutation at codon 164 in mixed samples is unclear. It could be due to the constraints imposed by the residues surrounding the mutation or the sequencing primer used in the assay. In detecting SNPs of the dhps gene, especially mutants, pyrosequencing was slightly more sensitive than RFLP. It is important to point out here that the same primary PCR-amplified products were used as templates for nested PCRs involving pyrosequencing, RFLP, and direct sequencing.
Conventional sequencing is more costly and time-consuming than pyrosequencing for large-scale genotyping studies. The present study also demonstrated that the conventional sequencing method was less sensitive than pyrosequencing in detecting mixed infections. Often, direct sequencing required 30% mutant or wild-type DNA in mixed samples to detect SNPs. In a previous study, it was found that detection of the dhps 540 mutation by a conventional sequencing method required at least 20 to 30% mutant DNA in the mixed samples (26) . Another study, using dhps of the rodent parasite Plasmodium chabaudi, contradicted these results. It reported that conventional sequencing could detect even lower concentrations of DNA, and this was attributed to its low background fluorescence (16) . However, our results here showed that conventional sequencing still required a higher ratio of target DNA to detect the minor allele, even with low background fluorescence.
Although RFLP and pyrosequencing showed similar levels of sensitivity for detecting many mutations, the main disadvantage with RFLP was the loss of specificity when PCRamplified fragments did not give a consistent digestion pattern. We often had to repeat RFLP experiments due to incomplete digestion of target DNA by the restriction enzymes to confirm the results. In our experience, when incomplete digestion was seen with enzyme BsrGI for codon 59 and AvaII for codon 437, the mixed alleles could not easily be verified. This misclassification of a single infection as a mixed infection by RFLP would be even more problematic when applied to field samples.
The analysis with pyrosequencing also indicated that this technique gave different levels of sensitivity in detecting different SNPs in mixed samples. We speculate that this is due to the target sequences, which are AϩT rich, since pyrosequenc- 
a See Table 4 
